Abstract Proopiomelanocortin (POMC) is a polypeptide hormone precursor that is expressed in the brain and in peripheral tissues such as in the pituitary gland, immune system, and skin. In the brain, POMC is processed to form several peptides including alpha-melanocyte stimulating hormone (α-MSH). alpha-MSH is expressed in the hypothalamic arcuate nucleus and in the nucleus tractus solitarius of the brainstem where it has a crucial role in the regulation of metabolic functions. Specifically, α-MSH is an anorexigenic peptide. Its production and maturation processes have been shown to be regulated according to the metabolic condition of the organism. This review summarizes our current knowledge on α-MSH processing including its maturation and degradation processes and pharmacological aspects of its manipulation.
Introduction
Proopiomelanocortin (POMC) neurons in the hypothalamus are considered major players in the regulation of energy metabolism. The synthesis and the activity of hypothalamic POMC neurons are increased in fed conditions. On the other hand, fasting inhibits and thus silences these neurons [1] [2] [3] . POMC neurons are regulated by several circulating signals including hormones such as leptin and insulin and nutrients such as glucose. The anatomical localization of POMC neurons has a crucial role in allowing these cells to rapidly respond to circulating nutrients and hormones. The critical role that the arcuate nucleus melanocortin system has in regulating energy metabolism has been the object of extensive studies. Activation of POMC neurons by leptin has been shown to trigger alpha-melanocyte stimulating hormone (α-MSH) production and release from POMC axon terminals, which in turn activates melanocortin receptor 3 (MC3R) and 4 (MC4R) leading to suppressed food intake and increased energy expenditure [4, 5] . POMC neurons activation is also affected by neighboring neurons producing neuropeptide Y (NPY), agouti-related protein (AgRP), and GABA ( Fig. 1 ) [1] [2] [3] 6] . Simultaneously, leptin suppresses the activity of arcuate nucleus NPY/AgRP neurons [4, 5] , which otherwise, through the release of AgRP, antagonize the effect of alpha-MSH on MC4R [7] . The NPY/AgRP system not only antagonizes anorexigenic melanocortin cells at their target sites where MC4Rs are located but it also very robustly and directly inhibits POMC perikarya. Both NPY as well as the small inhibitory amino acid neurotransmitter GABA [5] are involved in this inhibition [6, 8] . Thus, the interaction between the NPY/AgRP and POMC perikarya is unidirectional since there is no direct feedback mechanism from the POMC to the NPY/AgRP neurons [6] . As consequence of this, it appears that the baseline blueprint of this feeding circuit is likely to promote feeding, and it may be consider an advantage from an evolutionary point of view. On the other hand, in humans, it could be also consider as a contributor to the etiology of metabolic disorders such as obesity.
Transcriptional regulation of POMC
The intracellular machinery leading to POMC transcription includes several molecular pathways, and it is currently object of intensive studies. Different molecular pathways in POMC neurons are activated or inhibited in response to metabolic signals including hormones, such as insulin and leptin.
Insulin, by binding to its receptors expressed on POMC neurons, induces the activation of phosphatidylinositol-3 kinase (PI3K) [9, 10] . PI3K, when activated, phosphorylates the membrane lipid phosphatidylinositol-4,5-bisphosphate to phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 binds phosphoinositide-dependent protein kinase 1 that phosphorylates AKT protein kinase. Phosphorylated AKT enters the nucleus to regulate neuropeptide expression through the phosphorylation and thus nuclear exclusion of the fork-head box-containing transcription factor of the O subfamily type 1 (FoxO1) [11, 12] . Concomitantly, PI3K activation also induces the opening of few ATPsensitive potassium channels (KATP) [13] enabling increased firing of POMC neurons [14] . In addition to PI3K cascade regulation, FoxO1 has been recently shown to be regulated by a NAD+-dependent deacetylase, Sirt1 [15] . Sirt1 is expressed in POMC neurons and fasting has been shown to increase its activity levels [16] . In addition, it has been recently shown that fasting-induced decrease of POMC expression is Sirt1 dependent [15] .
Leptin binding to its receptors on POMC neurons enables the activation of Janus kinase/signal transducers and activators of transcription as well as mitogen-activated protein kinase signal transduction pathways [17] . Stat 3 increases the POMC expression by recruiting histone acetylases to the POMC promoter [11] . Leptin can also induce the activation of the PI3K pathway, which has been shown to be crucial for the regulation of glucose metabolism and peripheral insulin sensitivity [18] [19] [20] . In addition, leptin regulates the expression of suppressor of cytokine signaling-3 mRNA, which seems to act as an inducible negative regulator of leptin-induced signal transduction [21] . Finally, leptin acts on fuel sensors including the mammalian target of rapamycin (mTOR) kinase and AMPactivated protein kinase (AMPK). While leptin inhibits AMPK an energy sensor which is activated by an increase in AMP/ATP ratio, leptin increases the phosphorylation of ribosomal S6 kinase, a major physiological substrate of the mTOR kinase in the hypothalamus. Rapamycin inhibits hypothalamic mTOR and attenuates leptin's anorexigenic effects (for review, see [22] ).
alpha-MSH maturation
The biosynthesis of POMC-derived peptides, as the majority of mammalian neuropeptide hormones, meets the criteria of the "prohormone theory", which begins with mRNA translation process into a large, inactive precursor From the lateral hypothalamus, Hcrt and MCH neurons project to several areas of the hypothalamus, such as the paraventricular nucleus (PVN), where α-MSH terminals strongly innervate MC4R-expressing neurons. Thus, it is hypothesized that PRCP is released from the axon terminals of Hcrt and/or MCH terminals in the PVN, degrading α-MSH extracellularly and increasing the antagonistic effect of AgRP. VMH ventromedial hypothalamic nucleus. Squares are magnifications of the corresponding zone in the figure. Dotted lines delimitate hypothalamic nuclei polypeptide, followed by posttranslational proteolysis to release different products [23] . In the case of POMC, this is achieved through differential processing by the action of different prohormone convertases (PCs), which results in biological and functional diversity within the central nervous system. Once encoded from the corresponding mRNA, POMC follows the intracellular trafficking of a secreted protein through the Golgi complex, ultimately reaching secretory granules in which the end products of processing are stored before being secreted by exocytosis. During this trafficking, POMC is proteolytically processed into a number of physiologically important peptides, including endorphins, adrenocorticotropic hormone (ACTH), and α-MSH (Fig. 2) . The POMC polypeptide precursor contains eight pairs and one quadruplet of basic amino acids, which are the cleavage sites for PC1/3 and PC2 [24] .
In the arcuate neurons, POMC precursor is initially cleaved by PC1/3 to generate pro-ACTH and β-lipotrophin. Pro-ACTH is further cleaved by PC1/3 to generate a 16-kDa N-terminal peptide and ACTH. ACTH is further cleaved to generate ACTH (1-17) and CLIP (Fig. 2) . Then carboxypeptidase E enzyme removes C-terminal basic amino acids from ACTH (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , and the peptidyl α-amidating monooxygenase enzyme amidates the peptide to generate desacetyl α-MSH, a 13 amino acids peptide (Fig. 2) . Finally, the acetylation of desacetyl α-MSH to acetyl α-MSH (the most active form of α-MSH) by an unknown N-acetyl-transferase enzyme could occur immediately after the amino terminal side of these peptides becomes available subsequent to the PCs cleavage (Fig. 2 ) [25, 26] . Fasting-induced changes in the arcuate nucleus neurons cause a significant decrease in ACTH and desacetyl α-MSH consistent with a decrease in POMC biosynthesis during fasting [27] . A similar conclusion can be drawn from the fact that POMC and ACTH levels are reduced in cerebrospinal fluid during fasting [28] . This decrease in POMC is associated with a decrease in PC1/3 [28] . Leptin administration in fasted rats prevented the fasting-induced decrease in the content of all POMC-related peptides, demonstrating that leptin potently regulates the biosynthesis of POMC in the arcuate nucleus. Whereas a previous report suggested an increase in acetyl α-MSH due to leptin action on the yet-undefined N-acetyl-transferase activity, studies from different laboratories concluded that leptin does not regulate the N-acetylation of hypothalamic α-MSH (for a review, see [29] ).
In conclusion, it is reasonable to suggest that this biochemical machinery is of crucial physiopathological significance, and deficits in any of these processing enzymes can lead to obesity, at least in part, due to an inadequate α-MSH production [30, 31] . Indeed alterations of several of the enzymes involved in α-MSH maturation have been shown to affect metabolism regulation in both mouse and human [32] .
alpha-MSH degradation
Once produced, the active α-MSH acts on the postsynaptic melanocortin receptors to establish its known metabolic effects. Five melanocortin receptors have been cloned so far, MC1-5R. MC1R, MC2R, and MC5R have important peripheral functions, such as skin pigmentation, adrenal steroidogenesis, and thermoregulation, respectively [33] [34] [35] . On the other hand, MC3R and MC4R have been shown to have a major role in the regulation of food intake and energy balance [2, 36] . For example, knockout mice for either MC3R or MC4R show an obese phenotype. However, MC4R-deficient mice are hyperphagic [37] , while MC3R mice are not [38, 39] . In addition, the differential distribution of these two receptors within the hypothalamus also supports their differentiated functions. MC3R is highly expressed in the arcuate nucleus where POMC neuron cell bodies are located. Thus, MC3R seems to have a role in the feedback regulation of POMC neuron activity [5, 40] . Contrary, MC4Rs are not expressed in the arcuate nucleus but in other areas of the hypothalamus where POMC fibers project, including PVN, DMH, and with a lesser extend LH [40] [41] [42] . The important role of PC1/3 will further cleave pro-ACTH to form ACTH 1-39 which will be cleaved by prohormone convertase 2 (PC2) to form ACTH [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Carboxypeptidase E (CPE) and then α-amidating monooxygenase (PAM) will further process ACTH [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] to form desacetyl α-MSH 1-13 . The acetylation of α-MSH 1-13 by a n-acetyltransferase (NAT) not yet identified will then produce acetyl-α-MSH [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The action of acetyl-α-MSH 1-13 will be finally ended by prolylcarboxypeptidase (PRCP) which will convert acetyl-α-MSH [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] in the inactive product acetyl-α-MSH [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] MC4R in the control of energy metabolism is further strengthened by the fact that mutations in the MC4R gene in humans are associated with obesity. MC4R gene mutations indeed represent the most common monogenetic form of obesity in humans [43] [44] [45] .
The extent of MC4R activation and hence the extent of appetite loss should be a consequence of the rate of α-MSH release from POMC neurons and the rate at which it is degraded or otherwise cleared from the synaptic space.
Whereas events leading to MC4R activation by α-MSH are known, virtually nothing was known about how α-MSH action is terminated until recently, when a new processing enzyme was identified as the responsible enzyme for α-MSH inactivation (Figs. 1 and 2 ). Prolylcarboxypeptidase (PRCP) catalyzes the inactivation of α-MSH by removal of the C-terminal valine residue, producing the inactive 12 amino acids peptide α-MSH 1-12 ( Figs. 1 and 2 ) [46] . Injection of α-MSH into the brain of wild-type mice inhibits feeding, whereas injection of the same amount of the truncated α-MSH 1-12 is ineffective in reducing food consumption. This discovery begins with a C57BL/6 mouse strain that carries a small region of chromosome 7 from a BALB/c strain. Those mice are significantly leaner compared with C57BL/6 mice without the BALB/c chromosomal segment [47] . The relevant BALB/c region on chromosome 7 includes only four protein-encoding genes; of those genes, Prcp is the likely candidate, given previous reports of a link between PRCP and metabolic syndrome [48] . Sequencing studies have revealed a single-base polymorphism at −718 in the presumptive promoter/enhancer region of the Prcp gene that is associated with a significant reduction in the level of Prcp mRNA in the brain of the mice carrying the BALB/c allele. Knockout mice for Prcp gene (Prcp −/− ) produces mice with a leaner phenotype and a decrease in feeding compared to the wild-type controls. As predicted, the Prcp −/− mice have elevated levels of hypothalamic α-MSH [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Furthermore, these animals are resistant to dietinduced obesity [46] . PRCP is an enzyme belonging to the family of carboxypeptidases, containing a serine, histidine, and asparagine residues at its active center, which are essential for its catalytic activity. PRCP gene is located on chromosomes 11 and 7 in human and mouse, respectively, and the encoded product is a single chain protein of approximately 58 kDa [49, 50] . The cDNA for human PRCP was cloned from a human kidney library, and the deduced protein sequence contains 496 amino acids, including a 30 residue signal peptide and a 15 amino acid propeptide [51] . PRCP specifically cleaves peptides containing a penultimate proline residue. PRCP was discovered from studies of bradykinin metabolism in kidney, when it was found that after removal of the C-terminal Arg of bradykinin, the Pro-Phe-OH bond, which is usually resistant to carboxypeptidases, was cleaved by a kidney extract [49] . The enzyme was initially named angiotensinase C since angiotensin II has the same C terminus and it was found to be a substrate. The extension of its cleaving properties to a variety of Pro-X bond-containing peptides prompted to rename this enzyme as PRCP.
PRCP is widely distributed in mice and humans and expressed in peripheral tissues such as kidney, liver, heart, and spleen and lung [51] . PRCP is also present in white blood cells and fibroblasts and is highly expressed in endothelial cells [52] [53] [54] . In the endothelial cells, PRCP is localized on the cellular membrane [54] .
In addition, PRCP is also expressed in the central nervous system (CNS) in the hypothalamus and brainstem. Specifically, within the hypothalamus, higher expression of PRCP mRNA has been detected in the perifornical lateral hypothalamic region (LH) and dorsomedial nucleus (DMH; Fig. 1 ) [46] , accordingly with its newly suggested role in melanocortin signaling regulation by α-MSH inactivation. Thus, PRCP mRNA is highly expressed in the DMH where MC4R expressing neurons are located and where α-MSH containing fibers project from ARC nucleus. PRCP mRNA has also high expression in the LH where MC4Rs are poorly expressed but, from this region, neurons such as the ones expressing hypocretin/orexin (Hcrt) and MCH project to the hypothalamic paraventricular nucleus (PVN), where MC4Rs are highly expressed.
At least two hypotheses can be made about the mechanism underlying PRCP action. First, in the DMH, as membrane protein, PRCP could be exposed onto the cell surface so directly cleaving α-MSH in the synaptic space (Fig. 1) . However, since its activity has been reported to be present also in lysosomal fractions, in the DMH, it could also be part of intracellular peptide degradation pathway after cellular uptake and/or receptor recycling (Fig. 1) . Second, it has been reported that PRCP can be released from cells to the extracellular medium or biological fluids in response to stimulation [50, 55] . Thus, PRCP could be released in the PVN from the Hcrt and MCH axon terminals into the synaptic space where it would then degrade extracellularly α-MSH (Fig. 1) and shortening its agonistic action on MC4R. This could explain the high expression of PRCP mRNA levels found in LH [46] , a hypothalamic area poor in MC4R expressing neurons, but where Hcrt and MCH neurons originate from. So, PRCP may be poised in the synaptic space to degrade α-MSH 1-13 thereby reducing its action and promoting satiety. Further studies need to confirm the mechanistic aspect of this hypothesis and to understand the nature of the stimuli triggering PRCP secretion from these neurons.
Pharmacological aspects
Obesity and related metabolic dysfunctions, such as type 2 diabetes, have emerged as a leading cause of morbidity and mortality in developed societies. The development of obesity and type 2 diabetes may be triggered or abrogated by CNS mechanisms. The hypothalamic melanocortin system and its major anorexigenic peptide α-MSH have an important role in such disorder, as revealed by the dramatic development of obesity after selective inactivation of the neuronal Pomc gene in mice and the presence of POMC mutations in humans with severe early-onset obesity [56, 57] . Thus, the α-MSH target MC4 receptor is an attractive candidate drug target to treat obesity, as it not only affects several aspects of feeding behavior [58, 59] but activation of the MC system also increases insulin sensitivity and energy expenditure [60, 61] .
Pharmaceutical development of MC4 receptor-specific drugs has been the object of many studies [62] [63] [64] . However, it has been challenging to design selective MC4 receptor agonists that would completely lack affinity for the MC3 receptor [65, 66] . Nevertheless, mixed MC3/4 agonists might provide a therapeutic advantage since, as shown in MC3R knockout mice, reduction in MC3R activity is associated with an increased adipogenesis. However, studies in rodents and humans have revealed some side effects of the use of MC receptor agonists. For example, administration of MC4 receptor agonists is associated with penile erections as well as flushing, which has resulted in a new application area for these drugs in erectile dysfunction [67, 68] . Also, preclinical studies have identified roles for the melanocortin system in blood pressure regulation (MC receptor agonists have a depressor effect most probably via the nucleus tractus solitarius in brainstem) [69] , in the inflammatory responses (where agonists limit thermogenic responses to pyrogens), and in pain processing (where antagonists suppress pain sensation) [70, 71] . Thus, the development of MC4 receptor agonists in the treatment of obesity should be carefully monitored to avoid undesired side effects due to melanocortin function in other systems.
Because of these side effects, PRCP becomes a very promising drug target. It has been already reported that inhibition of PRCP activity by small molecule protease inhibitors administered peripherally or centrally decrease food intake in wild type as well as obese animals [46] . The pharmacological manipulation of the melanocortin system accomplished by inhibiting α-MSH catabolism represents a highly innovative approach that may help to combat metabolic disorders such as obesity.
The local metabolism of neurotransmitter and neuromodulator is generally considered an optimum drug target with a lower incidence of side/non-specific effects compared to direct agonists. This is the case, among others, of the actual pharmacotherapy for many pathologies of the CNS such as depression and Alzheimer disease. The discovery of PRCP as pharmacological target may allow, indeed, to selectively focus on the benefits deriving from the enhancement of melanocortin activation in discrete brain areas by its endogenous ligand, avoiding the whole set of possible central and systemic effects due to the use of MC receptor agonists.
In conclusion, further studies on PRCP will shed light on a novel central regulatory element in the regulation of energy metabolism. Differential activity levels of PRCP in specific brain areas in different metabolic condition by affecting α-MSH levels will, in turn, affect the efficacy of melanocortin signaling. Thus, understanding PRCP role in metabolism regulation is important to reveal whether PRCP can be used as new drug targets for metabolic disorders, including obesity and type 2 diabetes.
Conclusion
The studies reviewed here highlight the new mechanism of degradation of α-MSH. The recent discovery of PRCP as an important component of melanocortin signaling downstream of the melanocortin cells determining the efficacy of the melanocortin signaling is of great importance as further studies to understand its role in metabolic regulation will shed light on a novel target in the regulation of energy metabolism for the discovery of therapeutic drugs in the treatment and prevention of obesity and life-style related disorders.
